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Dynamic performance analysis of permanent magnet contactor with a flux-weakening control strategy New applications and new operating principles of permanent magnets (PM) are extended to contactors. Most development efforts of energy-saving PM contactors focus on control circuit design, magnetic field and dynamic performance analysis. [1] [2] [3] To reduce the contact bounces which is the main critical component that undermines the performance of contactors, the control strategies of closing phase selection and displacement profile have been reported. 4, 5 However, there are insufficient studies on how the PM attraction force is regulated in the closing course to ensure the dynamic attraction force and antiforce match well enough in order to prolong the PM contactor's lifetime.
The purpose of this paper is to employ a new flux-weakening control strategy for improving the dynamic performance of PM contactor so as to reduce the terminal velocity and collision energy of the movable iron. Figure 1 shows the proposed flux-weakening control strategy, in which the closing process is divided into four stages, which are, namely, flux-strengthening phase I (0 x < x 1 ), freewheeling phase II after flux-strengthening is switched off (x 1 x < x 2 ), flux-weakening phase III (x 2 x < x 3 ) and freewheeling phase IV after flux-weakening is switched off (x 3 x x 4 ). In phase I, positive pulse-widthmodulation (PWM) voltage U 1 is applied to the coil to control the collision speed of the movable and stationary contacts to reduce the first contact bounce. A negative modulation voltage U 2 is applied to the coil at the flux-weakening control displacement point (x ¼ x 2 ) in the flux-weakening phase III. This generates a negative current in the coil to weaken the PM magnetic field so as to reduce the PM attraction force quickly toward the closing end to reduce the second contact bounce.
II. CONTROL STRATEGY

III. MAGNETIC FIELD ANALYSIS
Considering the structural symmetry of the proposed PM actuator, 3 only 1/4 of the volume is needed in the analysis. Neglecting both eddy current and hysteresis, the nonlinear magnetic field satisfies the following governing equations:
where J is the current density of the exciting current, m is the reluctivity, A is the magnetic vector potential, B r is the residual flux density of PM. Figure 2 gives the flux density distributions with the PM actuator at the flux-weakening control point (x 2 ¼ 13 mm) under three different excitation conditions. It can be seen that the PM magnetic field is gradually weakened as the negative current increases. Figure 3 shows the attraction force and antiforce versus displacement. When compared to the other two curves without any intelligent control strategy, it can be seen that the attraction force curve 3 of the proposed PM contactor under the flux-weakening control strategy matches better with the antiforce curve.
IV. DYNAMIC SIMULATION MODEL
A. Control circuit topology coil generates a positive current to realize closing. When the flux-weakening control point is reached, both Q 1 and Q 3 are switched off and both Q 2 and Q 4 are switched on to generate a negative current in the coil to reduce the attraction force toward the closing end. As shown in Fig. 5 , < m is the PM reluctance, < di(i¼1,2,3) and < sj(j¼1,2,3) are the respective reluctances of the movable and stationary iron middle column, yoke and the side column. < a and < g are the working air-gap reluctances of the middle and side column, respectively.
B. Movable iron displacement estimation
Considering the flux leakage by a coefficient of flux leakage k r , the flux produced by the PM in the movable iron can be expressed as
where u pm is the total flux of the PM. By curve fitting, the coefficient of flux leakage can be approximately given by
where l 0 is the working air-gap length of the middle breaking position, h m is the height of PM. According to Fig. 5(b) , by combining (2) and (3), the leakage magnetic reluctance is given by
where < fe is the total reluctances of ferromagnetic material. The total reluctance of the magnetic circuit is
where l g is the working air-gap length of the both sides, l c is the total length of the closing magnetic circuit, l rm is the relative permeability of the ferromagnetic material. 5 According to Ampere's law,
where F m is the magnetomotive force (mmf) of the PM, N is the coil turns, u gap is the flux through the working air-gap, < gap is the reluctance of the working air-gap. Substituting the working air-gap mmf u gap < gap with a constant C r , the coil inductance L can be obtained as
where a and b are the constants of the froëlich equation, S is the cross section area of the PM. Thus, the movable iron displacement x can be estimated by
where n c is a modified constant to consider the air-gap fringing flux. 
C. Dynamic model
The PM contactor is a coupled system which satisfies the voltage equivalence and D'Alembert's mechanical motion equations simultaneously. The coil is driven by positive and negative PWM pulses during the closing process in which there are four working states, namely, flux-strengthening, freewheeling after flux-strengthening is switched off, flux-weakening and freewheeling after flux-weakening is switched off. The system under the four working states satisfies the same type of differential equation as follows: 
where v is the closing velocity, m is the mass of the motion parts, F is the dynamic attraction, F f is the antiforce. The control voltage u is "þ" under both flux-strengthening and flux-weakening states. Conversely, "À" is assumed under freewheeling state.
The 4th-order Runge-Kutta method can be used to simulate the dynamic performance of the PM contactor during the closing process by coupling the electric circuit equation, magnetic field and motion equation together. Figure 6 shows the simulated velocity of the movable iron and current curves as well as experimental waveforms during a complete closing process. It can be seen that the experimental results agree well with the simulated ones. Figure 7 shows the experimental contact bounce waveforms of a PM contactor with and without flux-weakening control as well as that of a commercial contactor. It can be seen that soft landing of the movable iron can be realized in the proposed control. This is because the positive and negative currents in the coil are effectively controlled and the first and the second contact bounces are thus reduced significantly for the PM contactor with flux-weakening control when compared to the other two kinds of contactors.
V. SIMULATION RESULTS AND EXPERIMENT
VI. CONCLUSIONS
This paper reports a novel flux-weakening control strategy which has been successfully applied to a PM contactor to improve its dynamic performance and hence prolonging its electrical lifetime. Experimental results are shown to verify the proposed control strategy as being correct and effective for adjusting the PM magnetic field. 
